INTRODUCTION r e s u l t s obtained by t h i s community i n recent times w i l l be reviewed below.
!

As implied i n t h e t i t l e , t h e m o s e of t h i s paper i s t o provide a r e p o r t on recent progress i n a t m o s~h e r i c s o e c t r o s c o~y i n t h e i n f r a r e d and 3 RECENT RESULTS I N INFRARED SPECTROSCOPY
microwave regions, and a l s o by implication t h e intermediate s p e c t r a l range namely t h e f a r i n f r a r e d . W e a r b i t r a r i l y define t h e s e regions i n terms of wavelength a s 1 -30 vm, 30 -500 um and 500 um -5 mm.
W e s h a l l not attempt a review of t h e h i s t o r i c a l background t o t h e s u b j e c t ; nor s h a l l we give d e t a i l s of t h e b a s i c methods used i n atmospheric spectroscopy and t h e i r advantages and disadvantages, since t h i s aspect was d e a l t with i n a recent paper. (1 )
The a p p l i c a t i o n i f I R techniques t o s t u d i e s of t h e E a r t h ' s atmosphere i s not r e c e n t , and cons i d e r a b l e work has been done over a number of years t o develop s ch methods. ( 2 )
Applications of s u b m i l l i m e t r e ( 3~ and microwave(4) methods, however, i s more r e c e n t , having been s t r o n g l y developed i n only t h e p a s t decade. A s we s h a l l see below each of t h e s e q u i t e d i s t i n c t s p e c t r a l regions has t h e p o t e n t i a l t o make s i g n i f i c a n t c o n t r i b u t i o n s t o atmospheric science.
The paper w i l l be organised a s follows:
Section 2 w i l l l i s t t h e types of instrument and technique used i n current research. Sections 3, 4 and 5 w i l l then review some of t h e most recent progress i n t h e i n f r a r e d , submillimetre and microwave regions,respectively. Section 6 w i l l provide some comments on l i k e l y f u t u r e developments .
TECHNIQUES
A wide v a r i e t y of instruments and techniques i s a v a i l a b l e t o t h e modern atmospheric s p e c t r o s c o p i s t . A s h o r t review of a v a i l a b l e techniques has been presented elsewhere( l ) , and f o r present purposes we s h a l l merely summarise, by means of Table 1 , t h e techniques c u r r e n t l y being used by s e v e r a l groups a c t i v e i n t h i s f i e l d . An explanation of t h e e n t r i e s may be found i n t h e key attached t o t h e t a b l e . W e should only n o t e here t h a t a wide v a r i e t y of methods, including gas c o r r e l a t i o n spectroscopy, resonance fluoresence spectroscopy, absorption and emission spectroscopy, implemented through s e v e r a l d i f f e r e n t types of instruments a r e now .in use. Bearing i n mind t h a t Table 1 i s almost c e r t a i n l y incomplete, t h e r e i s c l e a r l y a g r e a t deal of a c t i v i t y i n atmospheric spectroscopy a t a number of i n s t i t u t i o n s . Some of t h e more outstanding Very considerable advances i n our understanding of t h e d e t a i l s of t h e I R spectrum of t h e atmosphere have been made through t h e work of D G Murcray, A Goldman, J Williams and t h e i r co1league.s a t Denver University. Perhaps t h e most famous and appealing r e s u l t was t h a t obtained about a decade ago, when a balloon-borne g r a t i n g spectrometer a s used i n s o l a r o c c u l t a t i o n configuration75 ) t o make measurements of t h e absorption spectrum i n t h e 11 vm region over very long o p t i c a l paths. As i s i l l u s t r a t e d by Figure 1 , a s measurements were made a t i n c r e a s i n g z e n i t h angles from about 8g0 t o 940, a q u i t e s t r o n g absorption band ( t h e v5 and 2 9 v i b r a t i o n s ) due t o HNO3 was revealed. The n i t r i c a c i d molecule had previously been i d e n t i f i e d a t d i f f e r e n t w a v i i p g t h s (vh band a t about 1300 em-,') by t h i s group but t h e r e s u l t a t 11pm provided a very c l e a r and convincing confirmation of t h e existence of HN03, i n a l a y e r centred a t about 25 km a l t i t u d e , I n t h e s t r a t o s p h e r e . The vg and 2vg bands have since been used extensively by a number of groups f o r remote measurements of t h i s s t r a t o s p h e r i c c o n s t i t u e n t . 1 Measuremen_t~ of s o l a r transmission i n t h e 800-950 cm reglon from a balloon f l o a t i n g a t approximately 30 km. Each t r a c e i s a s e p a r a t e s p e c t r a l scan, obtained a t t h e s o l a r z e n i t h angle shown a g a i n s t i t , and t h e r e s u l t s a r e displaced by 20% f o r c l a r i t y . The growth of absorption f e a t u r e s due t o HNO a r e c l e a r l y observed. 
C3-330 JOURNAL DE PHYSIQUE
Another example of the very c l e a r and methodical work which has been done by t h e Denver group i n order t o c l a r i f y t h e d e t a i l s of t h e I R spectrum i s shown i n Figure 2 . This example a l s o i l l u s t r a t e s t h e importance of a thorough speciesby-species consideration of a complex atmospheric spectrum when t r y i n g t o assign features observed i n t h a t spectrum; t h e most convincing way of achieving a firm s e t of assignments i s t o build up an exact simulation of t h e observed splctrum, using e i t h e r measured laboratory spectra f o r t h e d i f f e r e n t gases involved, o r computer simulation of t h e i r spectra using t h e o r e t i c a l models of t h e molecular absorption processes. Figure 2 shows a s o l a r transmission spectrum i n t h e 1602-1618 cm-I region (frame 1 ) obtained from an a i r c r a f t f l y i n g a t -15 km. Frames 3 , 4 and 5 show calculated spectra f o r three molecules H20, NO2 and CHq respectively aqd t h e second frame shows t h e between t h e top two frames c l e a r l y shows t h a t NO2 absorption features have been detected (eg a t 1604,5'cm-', 1606 em-' and 1611.5 em-'), and a l s o t h a t all t h e major features of t h i s s p e c t r a l region a r e well understood. Some d e t a i l s remain t o be c l a r i f i e d though (cf t h e small f e a t u e s a t 1613.0 -1633.5 cm-I), and one suspects t h a t remaining uncertainties may well r e s i d e i n imperfect s p e c t r a l l i n e data.
Extensive measurements of t h e I R absorption spectrum have a l s o been made f o r several years by t h e group a t t h e J e t Propulsion Laboratory under C B Farmer iriterferometer.
An examplet7) of t h e work of t h i s group is given i n Figure 3 , which shows portions of atmospheric absorption spectra i n two s p e c t r a l regions, around 2926 and 4038 cm-I, observed using s o l a r occultation methods from a balloon a t -35 km a l t i t u d e . A t these wavelengths thermal emission i n t e n s i t i e s a r e very weak a t atmospheric temperatures and s o l a r absorption o f f e r s t h e only practicable method of making measurements of minor constitusnts. A t t h e wavenumbers shown, t h e spectrum i n Figure 3 shows absorption features due t o t e l l u r i c K C 1 and HF (from which p r o f i l e s of t h e H C 1 and HF d i s t r ibutioqs were calculated) a s well a s s 1 r CO.
(marked .@(. Others (including ZanderP8T et oz and Buijs 9 ) ) have a l s o made measurements a t these short I R wavelengths, using high resolution g r a t i n g spectrometers o r Michelson interferometers mounted on balloons. 4 Measurements of t h e s t r a t o s p h e r i c s o l a r t r a n smission spectrum using a G r i l l e spectrometer from a balloon ( t o p curve) and an a i r c r a f t (bottom c u r v e ) , f o r measurements of NO.
Measurement conditions given on t h e diagram and i n t h e t e x t . (~r o m Ref 1 2 ) .
5 Aircraft-borne G r i l l e spectrometer measurements made over a wide range o f l a t i t u d e s have been analysed t o give t h e NO, NO2 and HNO concentrations p l o t t e d here ( i n t o t a ? column density u n i t s , above t h e observer). (From Ref. 13) I n Europe, high r e s o l u t i o n I R spectroscopy has been studied i n d e t a i l by t h e groups under Girard i n France and Ackerman i n Belgium, oyten working together( l o ) . Measurements made by t h i s group have u t i l i s e d t h e ingenious G r i l l e spectrometer ( 11 operating i n t h e 853 cm-'region was flown on a high a l t i t u d e balloon and used t o observe t h e sun along a limb path.
The absorption s p e c t r a which were recorded a s a function of t h e b e a t frequency between t h e incoming r a d i a t i o n and t h e l a s e r l o c a l o s c i l l a t o r i s shown i n Figure 6. The arrow marks t h e p o s i t i o n o f a l i n e due t o C10 a s measured experimentally: t h e observed absorption has been i n t e r p r e t e d t o derive t h e v e r t i c a l d i s t r i b u t i o n of C10 which i s shown i n Figure 7. Also shown i n Figure 7 a r e t h e r e s u l s f model c a l c u l a t i o n s of t h e C10 d i~t r i b u t i o n~~
49.
One f u r t h e r a r e a which perhaps m e r i t s mention i s t h e development i n recent years of cryogenically cooled spectroradiometric devices f o r I R atmospheric observations. Murcray and co-workers have reported t h e use of a l i q u i d helium-cooled g r a t i n g spectrometer ( 16) , and r e c e n t l y a l i q u i d nitrogen-cooled g r a t i n g spectrometer developed by t h e NPL group has been flown on two occasions on a high a l t i t u d e a 1 oon t o ?17? c a r r y out limb-sounding observations . The n e c e s s i t y f o r cooling a spectrometer comes, o f course, from t h e d e s i r e t o reduce background and s t r a y r a d i a t i o n from and within t h e spectrometer t o a minimum s o a s t o obtain higher radiometric s e n s i t i v i t y t o weak atmospheric emissions. Technically, o f course, t&s imposes q u i t e severe d i f f i c u l t i e s which have, however, been overcome. Measuremen s 'n t h e 8 -15 pm 117) region using such a device have allowed simultaneious observations of t h e d i s t r i b u t i o n s of H20, 03, HNOg, CH4 and N20.
RECENT RESULTS I N SUBMILLIMETRE SPECTROSCOPY A t submillimetre o r f a r i n f r a r e d wavel e n g t h s , t h e s i t u a t i o n u t o about 1976 has r e c e n t l y been
A t t h e s e long i n f r a r e d wavelengths t h e atmospheric spectrum i s made up primarily of overlapping pure r o t a t i o n s p e c t r a of digolar atmospheric molecules. Because o f t h i s high degree of overlap, high s p e c t r a l r e s o l u t i o n i s e s s e n t i a l and progress has been defined l a r g e l y by t e c h n i c a l developments which have y i e l d e d t h e p o s s i b i l i t y of increases i n r e s o l u t i o n . Since t h e review given i n reference 3, t h e most s i g n i f i c a n t progress has occurred through t h e work of two groups.
The f i r s t i s t h a t a t t h e University of
Calgary, which has flown a rapid-scan f a r i n f r a r e d Michelson interferometer on balloon f l i g h t s , -l producing s p e c t r a a t a r e s o l u t i o n of 0.05 cm .
These ne d t a , an example of which i s shown i n Figure 8 7 1~7 , have allowd t h e t e n t a t i v e i d e n t i f ication of OH and o t h e r s p e c t r a l featm'es i n t h e very f a r i n f r a r e d , f o r t h e first time. As an example of t h e n a t u r e o f t h e r e s u l t s which a r e expected, we show.in Figure 9 a spectrum -calculated by t h e NPL group (20) , an
The second i s t h a t a t t h e I n s t i t u t e f o r Research on Electromagnetic Waves, i n Florence, I t a l y , which i n a c o l l a b o r a t i v e experiment with t h e NPL has r e c e n t l y flown a very high r e s o l u t i o n Micelson (0.004 cm-l) on a balloon: s p e c t r a l data a r e s t i l l being transformed from t h e i n t e r f e r ograms o t a ned by t h i s experiment, but f i r s t resultsy19f appear t o confirm t h a t t h e f u l l r e s o l u t i o n has been achieved, and t h a t e x c e l l e n t q u a l i t y s p e c t r a should follow s h o r t l y .
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t-44- 4 7 The C10 volume mixing r a t i o deduced from t h e data of Figure 6 , compared with c a l c u l a t i o n (From Refs. 14 and 2 2 ) .
8 Measurements of t h e f a r i n f r a r e d (submillimetre) s t r a t o s p h e r i c emission spectrum ( t o p c u r v e ) , measured with a Michelson i n t e rferometer mounted on a balloon package a t about 33 km a l t i t u d e , and a t a zenith angle of 80' . The lower curve shows a c a l c u l a t e d spectrum including l i n e s of H20 and O3 only.
The p o s i t i o n s of l i n e s o f o t h e r s t r a t o s p h e r i c c o n s t i t u e n t s a r e shown. (From Ref 18)
emission spectrum i n t h e 40 cm-' region f o r t h e case of a balloon ( o r s a t e l l i t e ) e f f e c t i v e l y above t h e s t r a t o s p h e r e looking towards t h e atmospheric limb a t a tangent height of 30 km. The s o l i d curve shows t h e p r i n c i p a l f e a t u r e s of t h e spectrum, due t o H20, 02 and 03, and t h e dotted curve shows t h e e f f e c t of adding HC1 and HF a t a mixing r a t i o of 10-9 by volume (constant with h e i ' h t ) . This c a l c u l a t i o n c l e a r l y i n d i c a t e s t h a t eten f o r mixing r a t i o s 10 t o 30 times smaller than t h e value used, measureable l i n e s due t o H C 1 and HF should be observable.
RECENT RESULTS I N MICROWAVE SPECTROSCOPY
During t h e past f i v e years o r so t h e determination of upper atmosphere t r a c e gas composition using microwave methods has progressed considerably, primarily through t h e work oq Waters and co-workers.
Systems have been developed f o r ground-based and aircraft-borne measurements of H20, O3 and CO, based on t h e monxhromatic heterodyne methods possible a t frequencies below about 400 GHz. A review of microwave atmospheric spectroscopy has recently been presented by Waters. (4) Figure 10 shows a general view of t h e atmospheric transmission spectrum from sea l e v e l , showing ( f o r a v e r t i c a l path) t h e components due t o 02, 03 and H20; 03 i s responsible f o r t h e many narrow l i n e s seen between 100 and 300 GHz i n t h e diagram. A t t h e very high s p e c t r a l resolution ( < 1 MHz) achievable a t these frequencies (resolving powers of about 105 -lo6) it i s possible t o resolve t h e "window" regions between t h e f i n e s t r u c t u r e due t o 03, where weak l i n e s due t o other t r a c e constituents such a s CO, N20, NO, NO2, H202 and others, e x i s t t 4 ) .
As an example of t h e r e s u l t s which may now be obtained. Figure 11 shows a measurement of t h e CO l i n e a t 1 15.271 GHz (dots ) , and t h e r e s u l t s of calculations of t h e predicted l i n e shape f o r three d i f f e r e n t assumed CO d i s t r i b u t i o n s , A, B and C. These p r o f i l e s a r e shown i n Figure 12 : t h e s p e c t r a l data of Figure 11 c l e a r l y show t h a t p r o f i l e B provides t h e best fit t o t h e measurements. This r e s u l t may perhaps i n d i c a t e t o t h e reader t h e high precision f o r upper atmospheric measurements now possible using microwave systems. THE FUTURE It should be c l e a r from t h e examples c i t e d above t h a t t h e spectroscopic study of t h e upper atmosphere a t wavelengths between 1 urn and 1 mm i s a very a c t i v e f i e l d . For t h e immediate f u t u r e one can s e e t h a t c e r t a i n s p e c i f i c a r e a s a r e almost c e r t a i n t o show r a p i d p r o g r e s s ; amongst t h e s e a r e a s we may include:-. High r e s o l u t i o n i n f r a r e d ( 3 -30 pm) and f a r i n f r a r e d (30 -500 w) spectroscopy using multiplexing Fourier transform spectrometers.
The most r e c e n t g e n e r a t i o n of instruments i s producing r e s o l u t i o n s o f cm-l a t 10 p m and 4 x 10-3 cm-l a t 500 w.
Cryogenic spectrometers and i n t e r f e r o m e t e r s f o r high r a d i o m e t r i c s e n s i t i v i t y and p r e c i s i o n f o r measurements o f very weak atmospheric emissions throughout t h e i n f r a r e d . A s t h e v a r i e t y o f a v a i l a b l e instruments and techniques i n c r e a s e s , it i s important t o remember t h a t d i f f e r e n t atmospheric i n v e s t i g a t i o n s demand d i f f e r e n t i n s t r u m e n t a l q u a l i t i e s , so t h a t it seems l i k e l y t h a t we w i l l continue t o r e q u i r e a combination of measurements: it i s most u n l i k e l y t h a t any one t y p e w i l l provide t h e panacea f o r a l l measurement requirements.
A s a f i n a l p o i n t , we mustrecognise t h e growing need t o develop s a t i s f a c t o r y remote sensing methods i n two o t h e r a r e a s o f geophysical sensing. The f i r s t i s i n t h e remote determination of upper a i r winds ; t o d a t e a number of h i g h r e s o l u t i o n methods have been proposed i n t h e v i s i b l e , i n f r a r e d and microwave r e g i o n s , each capable of measuring ( w i t h l i m i t e d accuracy) t h e Doppler s h i f t s caused by wind motions. This i s a d i f f i c u l t measurement problem, however, which s t i l l r e q u i r e s a s a t i s f a ct o r y s o l u t i o n . The second concerns t h e remote s e n s i n g o f t h e temperature and s t a t e of t h e oceans, which a c t a s huge r e s e r v o i r s o f energy i n t h e atmosphere -ocean system, and which a r e b e l i e v e d t o p l a y a dominant r o l e i n c o n t r o l l i n g t h e E a r t h ' s climate. Here a g a i n , d i f f i c u l t measurement problems exis: ( e g t h e e f f e c t o f c l o u d s , haze, molecular t r a n s m i s s i o n , waves, e t c ) which r e q u i r e d e t a i l e d study b e f o r e a r e l i a b l e remote s e n s i n g system can be evolved.
